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ABSTRACT The yeast GCN5 (yGCN5) transcriptional co-
activator functions as a histone acetyltransferase (HAT) to
promote transcriptional activation. Here, we present the high
resolution crystal structure of the HAT domain of yGCN5 and
probe the functional importance of a conserved glutamate res-
idue. The structure reveals a central protein core associated with
AcCoA binding that appears to be structurally conserved among
a superfamily of N-acetyltransferases, including yeast histone
acetyltransferase 1 and Serratia marcescens aminoglycoside 3-N-
acetyltransferase. A pronounced cleft lying above this core, and
flanked by N- and C-terminal regions that show no sequence
conservation within N-acetyltransferase enzymes, is implicated
by cross-species conservation and mutagenesis studies to be a
site for histone substrate binding and catalysis. Located at the
bottom of this cleft is a conserved glutamate residue (E173) that
is in position to play an important catalytic role in histone
acetylation. Functional analysis of an E173Q mutant yGCN5
protein implicates glutamate 173 to function as a general base for
catalysis. Together, a correlation of the yGCN5 structure with
functionally debilitating yGCN5 mutations provides a paradigm
for understanding the structureyfunction relationships of the
growing number of transcriptional regulators that function as
histone acetyltransferase enzymes.

Gene activation is a tightly regulated process that relies on the
coordinated activities of several different proteins. Sequence-
specific transcriptional activators play an important role in nu-
cleating gene expression by recruiting the basal transcriptional
machinery, which includes TATA box-binding proteins, TAFs
(TATA box-binding protein-associated proteins), polymerase,
and other protein cofactors, to DNA (1, 2). Under physiological
conditions, the transcriptional machinery has to deal with a DNA
template that is complexed with histones that form nucleosomes
and that are assembled into higher order chromatin (3). Because
chromatin assembly strongly represses transcription (4, 5), DNA
regulatory proteins must physically destabilize nucleosomeyDNA
interactions to facilitate transcriptional activation.

The relatively recent findings that histone acetyltransferase
(HAT) and histone deacetyltransferase enzymes are proteins that
had been previously characterized as transcriptional cofactors has
revealed a direct mechanistic link between chromatin modifica-
tion and transcriptional regulation (6–10). Specifically, a number
of transcriptional cofactors with HAT activity have been identi-
fied, including GCN5 {from Tetrahymena [11] yeast [yGCN5]
[12], human [hGCN5 (13) and hPyCAF (14)], Drosophila [15] and
Arabidopsis [GenBank accession no. 2642602]}, yeast ESA1 (16),
and human CBPyp300 (17), TAFII250 (18), Tip60 (19), ACTR
(20), and SRC-1 (21). In addition, the catalytic subunits of distinct
histone deacetylase complexes shown to mediate transcriptional

repression have been identified, including yeast and mammalian
RPD3yHDAC2 (22, 23), yeast HDA1 and phd1 (24, 25), maize
HD1-A and HD2 (26–28), and human HDAC1 and HDAC3
(29–31).

Of the HAT enzymes identified to date, yGCN5 is currently the
best characterized. Recombinant GCN5 has been shown to
efficiently acetylate free histones with a strong preference for
lysine 14 of histone H3 and a somewhat lower preference for
lysines 8 and 16 of histone H4 (32). Interestingly, acetylation of
nucleosomal histones requires that GCN5 be part of one of two
distinct multiprotein complexes called Ada and SAGA (Spt-Ada-
GCN5-acetyltransferase) (33, 34). Moreover, in the context of
these multiprotein complexes, GCN5 displays an acetylation
preference for histones H3 and H2B (33). Extensive deletion and
mutagenesis studies of yGCN5 have identified a HAT region,
within residues 95–261, that is sufficient for acetylase activity and
essential for GCN5-mediated transcriptional activation (35–38).
This region of GCN5 has recently been shown to harbor three
relatively small submotifs (15–33 residues) with homology to a
biologically diverse family of GCN5-related N-acetyltransferases
(GNATs) (39). To obtain a detailed view of the mechanism of
histone acetylation by yGCN5, we report here the 1.9-Å crystal
structure of its HAT domain.

MATERIALS AND METHODS
Overexpression and Purification. The DNA sequence encod-

ing the HAT domain of yGCN5 (residues 99–262) was amplified
by PCR as an AseIyHindIII fragment and was subcloned into an
NdeIyHindIII-digested pRSET vector (Invitrogen) for overex-
pression. The plasmid was transformed into Escherichia coli strain
BL21(DE3) and was overexpressed by induction with 0.5 mM
isopropyl b-D-thiogalactoside and growth at 15°C. The protein
was purified with sequential use of SP-Sepharose (Amersham
Pharmacia) cation-exchange, CoA agarose (Sigma), and Super-
dex 75 (Amersham Pharmacia) gel filtration chromatographies.
Purified protein was concentrated to 12 mgyml by using a
Centriprep 10 (Amicon) concentrator and was judged to be
.99% pure by SDSyPAGE.

Crystallization and Data Collection. Crystals of yGCN5 were
obtained with a protein concentration of 5 mgyml at 4°C by using
the hanging drop method containing a reservoir solution of 400
mM (NH4)2SO4 and 20–25% polyethylene glycol 8,000. Crystals
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appeared in 2–3 days, grew to average dimensions of 100 3 200 3
300 mM, and were harvested in 300 mM (NH4)2SO4, 25%
polyethylene glycol 8,000, and 25% glycerol before flash freezing
in propane for data collection. Diffraction data were collected
from a single crystal at 2180°C by using an Rigaku (Tokyo) Raxis
IV image plate detector with Cu Ka radiation [focused with
Molecular Structure (Houston)yYale mirrors] produced from a
Rigaku (Tokyo) RU-300 generator and were processed and
scaled by using DENZO and SCALEPACK (40) (Table 1).

Structural Refinement. The structure of yGCN5 was solved by
molecular replacement using the program AMORE (41), with a
partially refined model of the Tetrahymena thermophilia GCN5
HAT domain (in which all nonconserved side chains were
alanized) as the search model (J.R.R, R.C.T., J.Z., Y. Mo, X. Li,
S.L.B., C.D.A., and R.M., unpublished work). Rotation and
translation searches produced two solutions in the asymmetric
unit with a correlation coefficient of 45% and an R-factor of 48%.
The two molecules were refined with X-PLOR (42) from 8.0 Å to
3.0 Å with rigid body and positional refinement and strict
noncrystallographic symmetry constraints between the two HAT
domains in the asymmetric unit. The program O (43) was used to
place additional side-chains and to make model adjustments by
using sigmaA-weighted 2uFou 2 uFcu and uFou 2 uFcu difference
Fourier maps. Subsequent rounds of positional, simulated an-
nealing (44), bulk solvent correction (45), and atomic B-factor
refinement in X-PLOR followed by model building in O permitted
the resolution range to be extended from 50.0 Å to 1.9 Å while
gradually releasing the noncrystallographic symmetry restraints
until they were removed entirely. Toward the end of refinement,
water and two glycerol molecules were modeled into strong uFou
2 uFcu peaks, which were refined to make feasible hydrogen bonds
and have low atomic B-factors. The quality of the final model was
verified with simulated annealing omit maps (46) ,10% of the
model at a time. The final model has excellent geometry (Table
1), with none of the nonglycine residues lying in disallowed
regions of the Ramachandran plot (47).

GCN5 Mutant Study. A single amino acid substitution, chang-
ing Glu to Gln (codon GAA to CAA), was made at residue 173
of full-length yGCN5 in pRSETA-yGCN5 (13) by using the
QuikChange mutagenesis kit (Stratagene). Subcloning, overex-
pression, and purification of the E173Q yGCN5 HAT domain
(residues 99–262) then was carried out essentially as described
herein for the native yGCN5 HAT domain. The full-length
mutant gene (GCN5 E173Q) was amplified by PCR and was
subcloned as an XbaIyBglII fragment into yeast low-copy plasmid
pPC87 (36) for expression from the constitutive ADH1 promoter.
Transformants of GCN5-deleted strain SB303 [a trp1D derivative
of FY1370 (48); MAT a gcn5D::HIS3 his3D200 leu2D1 trp1D

ura3–52] containing pPC87 empty vector, pPC87-yGNC5 (36), or
pPC87-yGCN5 E173Q were tested for growth in synthetic dex-
trose minimal media in liquid cultures and on plates. Liquid
cultures were incubated with shaking at 30°C, and log-phase
growth was measured spectrophotometrically at 1.5-hr intervals.
Streaked plates were incubated at 30°C for 2.75 days.

For in vivo transcription assays, the cells described above were
additionally transformed with low copy GAL4-VP16FA activator
plasmid (49) and pLGSD5 b-galactosidase reporter plasmid (50)
or with low copy LexA-GCN4 activator plasmid (51) and LexA-8x
reporter (13). These cells were grown to an optical density of 0.8
at 600 nm, and extracts were prepared and assayed for b-galac-
tosidase activity and protein concentration as described (52).

HAT assays on purified yGCN5 and yGCN5 E173Q HAT
domain proteins were performed at pH 7.5 essentially as de-
scribed (33). Assays were performed in duplicate at pH 7.5 with
0.1 mg of GCN5 protein, and reactions were carried out for 30
minutes at 25°C.

RESULTS AND DISCUSSION
Overall Structure of yGCN5. The protein structure has a mixed

ayb topology containing five a-helices and six b-strands with a
globular fold and approximate dimensions of 43 3 39 3 29 Å (Fig.
1a). The overall topology of the protein is shaped like a vise with
the core of the protein lying at the base. The core is formed by
two subregions: a three-stranded antiparallel b-sheet (b-strands
2, 3, and 4) that sits on top of an amphipathic helix (a3) with its
hydrophobic side facing the sheets and its hydrophilic side facing
solvent, and a strand-loop-helix substructure (b5-loop-a4) just
adjacent to the b-sheet rich subdomain. The N- and C-terminal
ends of the protein constitute the sides of the vise. A b-strand (b1)
from the N terminus contributes to the b-sheet network of the
core by hydrogen bonding to b2, and a helix-turn helix substruc-
ture (a1-turn-a2) sits above one side of the molecule above the
core. The C terminus forms the opposing side of the vise and
contains a loop-helix-loop-strand substructure (loop-a5-loop-
b6). The b6-strand of the C terminus is associated with the core
via hydrogen bonds with the b5-strand. A pronounced cleft of
approximate dimensions of 10 3 10 3 20 Å is positioned above
the core of the protein and flanked by the N- and C-terminal
protein segments.

Comparison to Other N-Acetyltransferases Reveals a Struc-
turally Conserved Core Domain. Neuwald and Landsman have
recently noted that GCN5 belongs to a functionally diverse
subfamily of N-acetyltransferases (called GNATs) containing
limited sequence homology within four 15–33 amino acid seg-
ments called motifs A, B, C, and D (GCN5, PyCAF, and HAT1
do not harbor statistically significant sequence homology within

Table 1. Crystallographic data and refinement statistics

Crystal parameters Data collection statistics
Unit cell dimensions Resolution range 50.0–1.9 Å

a 5 40.04 Å, b 5 66.51 Å, c 5 80.19 Å Total reflections 181,066
a 5 90.00°, b 5 97.71°, g 5 90.00° Unique reflections 31,832

Rsym 3.0%
Space group P2 Iysigma(I) 23.6
Asymmetric unit Two molecules Completeness 96.4%

Refinement statistics
Resolution range 50.0–1.9 Å rms values
Reflections (Fo . 2s) 31,686 Bond length, Å 0.007
Final model Bond angles, ° 1.25

Protein atoms 2,702 NCS molecules, Å 0.89
Waters atoms 216 B-factors, Å 1.40
Glycerol atoms 12 Average B-factors, Å2

R-factors* Protein 16.5
Rworking 19.5% Water 21.8
Rfree 23.6% Glycerol 23.5

*R-factor: Rworking 5 Su uFou 2 uFcu uySuFou; Rfree 5 STu uFou 2 uFcu uySTuFou, where T is a test data set of
10% of the total reflections randomly chosen and set aside before refinement.
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motif C) (39) (Fig. 2). The recently published crystal structures of
the Saccharomyces cerevisiae histone acetyltransferase 1 (HAT1)
bound to AcCoA (53) and the Serratia marcescens aminoglycoside
3-N-acetyltransferase (SmAAT) bound to CoA (54) reveal that
motifs A, B, and D form a structural core in which the CoA
cofactor is bound between the A-D and B submotifs (55) (Fig. 1
b and c). Not surprisingly, motifs A and D show a high degree of
structural homology with yGCN5 (rms deviations between Ca
atoms for yGCN5 compared with HAT1 and SmAAT of 1.8 Å
and 2.0 Å, respectively). Interestingly, the recently published
structure of N-myristoyl transferase (NMT) (56, 57), which uses
a myristoyl-CoA cofactor to modify the N-terminal glycine of
substrate proteins, also shows homology in the region corre-
sponding to motifs A and D of the core domain of HAT1,
SmAAT, and yGCN5, even though the NMT protein shows no
sequence homology with these N-acetyltransferases (55). The
very recently published structure of serotonin N-acetyltransferase
(AANAT), another member of the GNAT superfamily, also
shows a structurally homologous A and D motif (58). Suprisingly,
motif B does not show structural homology between the yGCN5,
HAT1, and SmAAT proteins (Fig. 1). In the case of HAT1, this
region forms an extended helix (a9) whereas, in the SmAAT
structure, this region forms a b-hairpin (b5-turn-b6). Motif B in
yGCN5 is formed by a b5–turn-a4 substructure within the core.
Interestingly, HAT1 contains a similar strand-turn-helix topology
(b15-turn-a9 in HAT1) in a similar geometrical position in the
structure, although the HAT1 and yGCN5 structures show
relatively poor sequence homology in this region.

The Core Domain of yGCN5 Binds CoA. The structural ho-
mology within the A and D motifs of HAT1, SmAAT, and
yGCN5 and the intimate involvement of the A motif in AcCoA
binding by HAT1 and SmAAT implies that yGCN5 binds its
AcCoA cofactor in a manner similar to that of HAT1 and
SmAAT (Figs. 1 b and c and 2). This is also consistent with the
recently derived structure of the human PyCAF HAT domain

bound to coenzyme-A (60). The involvement of the B motif in
AcCoA binding in HAT1 and SmAAT, coupled to its structural
variability between yGCN5, HAT1, and SmAAT, suggests that it
may play a role in correctly orienting AcCoA for substrate specific
catalysis andyor may play a direct role in substrate specific
recognition.

A mapping of residues that are conserved within the GCN5
subfamily of acetyltransferases (Fig. 2) onto the yGCN5 structure
reveals that large patches of conservation within the core region
(motifs A, D, and B) colocalize to residues that appear either to
be involved in stabilizing the hydrophobic interior of the protein
or, implicated by the HAT1 and SmAAT structures, to be
associated with CoA binding (Fig. 3a). Within motif D, b2
residues Ala149, Val150, Ile151, and b3 residues Val157, Val158,
Ile161, Thr162, Tyr163, and Phe166 are highly conserved and are
buried in the protein interior, suggesting that these residues play
an important role in protein stability (Fig. 2). Within motif A,
conserved residues Phe171, Glu173, Ile174, Phe176, Leu192,
Met193, and Leu196 also are buried and are therefore also likely
to play a role in protein stability. Motif A also bears conserved
residues implicated for AcCoA binding, including Ile174, Cys177,
Ala178, Ile179, Gln184, Val185, Arg186, Gly187, Tyr188, Gly189,
and Ala 190. The majority of conserved residues in motif B
(residues 209–214 and 217–226) are solvent-exposed and are thus
implicated in playing a role in CoA binding andyor histone
substrate binding. Only conserved residues Phe209, Leu210,
Ala213, and Phe226 in motif B are buried in the yGCN5 structure
and are therefore likely to play a role in protein stability. A
mapping of acetylation defective mutations within the core region
of yGCN5 underscores the importance of the core region for
acetyltransferase function (37, 38). Specifically, the majority of
these mutations correlate with residues that the structure suggests
are important for protein stability or AcCoA binding (Figs. 2 and
3b). It is striking that, in the context of the Ada and SAGA
complexes, the most debilitating mutations in motifs A and B for
nucleosomal acetylation lie in the proposed contact points for
AcCoA.

The colocalization of the putative AcCoA binding site to the
core region of yGCN5 suggests that AcCoA, in addition to playing
a catalytic role in acetylation activity, also may play a structural
role in protein stability. This is consistent with the finding that
both human GCN5 and PyCAF are stabilized in vitro by the
presence of AcCoA or CoA cofactors (59) and by the observation
the crystals of HAT1 (53)and SmAAT (54) could only be
obtained in the presence AcCoA and CoA cofactors, respectively.

The N- and C-Terminal Segments of yGCN5 Are Implicated
for Histone Substrate Binding. Regions N- and C-terminal to the
yGCN5 core region show no sequence homology with other
acetyltransferases. Despite this, yGCN5 shows structural homol-
ogy with the HAT1, SmAAT, and NMT enzymes in the N-
terminal b1-turn-a1-loop (Fig. 1). In each protein, the b1-strand
forms sheet interactions with the protein core, and, in yGCN5, the
a1-loop region is positioned along one side of a pronounced cleft
above the protein core and close to the putative active site center
(Fig. 1). Interestingly, the b1-turn-a1 component of this region
corresponds to the C-motif noted by Neuwald and Landsman to
show sequence homology within a subset of N-acetyltransferases
(39). Taken together, the structural homology in the a1-loop
region of yGCN5 implies that this region may play a general role
in histone H3 and H2B substrate recognition andyor catalysis.
Consistent with this hypothesis, residues in the a1-loop of yGCN5
are highly conserved within the GCN5 subfamily of acetyltrans-
ferases, and mutations in this region significantly decrease acet-
ylation activity (38) (Fig. 2). Specifically, residues Gln127,
Leu128, Pro129, and Met131 are both strictly conserved and
mutationally sensitive. These residues are also solvent-exposed in
the yGCN5 structure and would therefore be available for
interaction with histone substrate.

Regions C-terminal to the core of yGCN5 are the most
structurally divergent from the HAT1, SmAAT, and NMT

FIG. 1. Structure of yGCN5 and related enzymes. (a) Structure of
the yGCN5 HAT domain. The four subdomains of the protein are
color-coded; the structurally conserved subdomain that makes up the
core (motifs A and D) is colored blue, motif B is colored aqua, and the
N-terminal and C-terminal f lanking regions are colored red and green,
respectively. (b) Structure of residues 130–320 (C terminus) of HAT1
with the same orientation and color coding as in a. The AcCoA
cofactor is shown in magenta. (c) Structure of SmAAT with the same
orientation and color coding as in a. The CoA cofactor is shown in
magenta. (d) Structure of residues 80–260 (N terminus) of NMT with
the same orientation and color coding as in a.
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enzymes (Fig. 1). In this region of the yGCN5 structure, a highly
conserved patch of residues (GYIKDY in residues 239–244) in
the loop after the a5 helix and lying along the side of the protein
cleft opposite to the a1-loop region are accessible for interaction
with histone substrate. The importance of this region of the
protein is also consistent with its sensitivity to mutation (37, 38).
Specifically, a mutation of KDY to AAA in positions 242–244 (in
the loop proceeding the a5 helix) results in a dramatic decrease
in the acetylation and transcriptional activation properties of
yGCN5. The apparent importance of the loop after the a5 helix
in yGCN5 coupled with its lack of structural conservation with
the HAT1, SmAAT, and NMT acetyltransferaseas implicates this
region playing an important role in substrate-specific binding
andyor catalysis. Alternatively, and not mutually exclusive, this
region may play a role in protein binding, as many acetyltrans-
ferase enzymes are known to function within the context of
distinct multiprotein complexes (16–18, 34).

The proximity of the N-terminal a1-loop and the C-terminal
loop after the a5 helix to opposite sides of the pronounced cleft
above the core of the yGCN5 HAT domain and the accessibility
of highly conserved (within the GCN5 family) and mutationally
sensitive residues that face into the cleft of the structure strongly
implicates this region for histone substrate binding (Fig. 2).
Significantly, these regions harbor several of the most mutation-
ally sensitive residues (Fig. 2) (37, 38) and have no apparent

sequence homology to other acetyltransferases. Consistent with
the importance of this cleft region is the putative positioning of
the acetate group of the AcCoA cofactor at the base of the cleft
in close juxtaposition to where substrate would bind (Fig. 3b) and
the highly acidic patch at the base of the cleft (Fig. 3c), which
would provide an attractive docking site for the lysine substrate.
Comparable acidic patches also have been noted for the putative
substrate binding sites for SmAAT (54) and HAT1 (53), and, as
in the yGCN5 structure, both patches lie above the protein core
domain.

Conservation (AIGYFKKQGF in residues 217–226) (Fig. 2)
and mutational sensitivity (Tyr212, Tyr220, Lys223) (37, 38) of
solvent-accessible residues around the a4 helix suggests that
regions proximal to helix a4 also may be associated with histone
substrate contact (Fig. 3 a and b). Moreover, the close proximity
of this region to the putative AcCoA binding site suggests that the
cofactor itself also may play a structural role in histone substrate
binding. Taken together, the data described above are consistent
with a model whereby the peptide substrate is bound across the
a4-CoA surface and into the cleft above the yGCN5 core and
flanked by the N- and C-terminal protein segments.

Glutamate-173 Within the yGCN5 Core Domain Plays an
Important Catalytic Role. Inspection of the putative histone
substrate binding cleft of yGCN5 reveals two candidate residues
that are in proximity to function as a general base for catalysis:

FIG. 2. Sequence alignment of the GCN5 family of HAT domains. The primary sequence of the yeast GCN5 (yGCN5) HAT domain used for
the structure determination is shown at the top of the alignment. Sequences from the homologous HAT domains from GCN5 of Arabidopsis,
Drosophila, human, and Tetrahymena as well as with human PyCAF are aligned [CLUSTAL program (http:yywww-igbmc.u-strasbg.fryBioInfoy
ClustalWy)] and displayed [BOXSHADE program (http:yywww.ch.embnet.orgysoftwareyBOX_form.html)]. Black and gray backgrounds are used to
indicate identical andyor conserved residues found in at least 50% of the proteins at a given position, respectively. Secondary structural elements
within the HAT domain of yGCN5 are shown above the sequence alignment. F, residues that are buried within the core of the protein; A, residues
that are implicated from the HAT1 and SmAAT structures to contact the CoA cofactor (53); ‚, solvent exposed residues that are presumably
accessible for coenzyme or substrate binding and catalysis; p, the position of the putative general base (Glu173) for histone acetylation. Positions
of alanine mutations that decrease HAT activity are indicated below the sequence alignment: Triple mutations are indicated with gray bars (38),
and single mutations are indicated with black bars (37). Triple alanine mutations that have negligible effect on HAT activity are indicated with
open rectangles (all of the single mutations are contained within the triple mutations). The GNAT conserved motifs D, A, and B (39) are indicated
below the sequence alignment, with black shading indicating regions of high sequence homology within the GNAT superfamily.
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Glu173 within b4 and Asp214 in the loop following b5. Although
both residues are strictly conserved within the GCN5 subfamily
of HAT enzymes, mutational analysis favors the involvement of
Glu173. Specifically, mutation of FAE to AAA in positions
171–173 of yGCN5 was found to be one of the most debilitating
mutations within the HAT domain (38) (Fig. 2). In contrast,
mutation of Asp214 is only marginally compromised in both
transcriptional activation in vivo and histone acetylation in vitro
(37). Modeling of the AcCoA cofactor derived from the HAT1
structure into its putative binding site in yGCN5 would place a
side chain oxygen of Glu173 (moved to an alternate side chain
rotomer) '7 Å from the reactive carbonyl carbon of AcCoA, well
within range to facilitate proton abstraction from the « amino
group of the lysine substrate. Strikingly, a superposition of the
yGCN5 core domain with the corresponding core domains of

HAT1 and SmAAT shows that Glu255 of HAT1 and Asp110 of
SmAAT also may play analogous catalytic roles in these enzymes,
respectively. Correlatively, Glu255 of HAT1 is strictly conserved
across different species (comparable SmAAT homologues have
not been characterized). Interestingly, the recently published
structure of AANAT shows that that a histidine (His 122) residue
lying in the same approximate position of Glu173 in the core
domain of yGCN5 is likely to serve as a general base for catalysis
by AANAT (58).

To directly test the importance of residue 173 for catalysis by
yGCN5, we mutated it from a glutamate to a glutamine (yGCN5-
E173Q) and analyzed its functional properties. Glutamine sub-
stitution was made because its sidechain is structurally similar to
glutamate but lacks the acidic character required for it to function
in a catalytic capacity (Fig. 3d). The overexpression levels,
purification properties (including CoA affinity binding), and CD
spectra of the yGCN5-E173Q protein were virtually identical to
those of yGCN5, suggesting that the protein did not undergo

FIG. 4. Functional defects of the yGCN5 E173Q mutant and the
putative role of Glu173 in catalysis. (A) Growth of yeast cells
harboring empty vector (gcn5D), wild-type GCN5 plasmid, or GCN5
plasmid with a Glu-to-Gln mutation at residue 173 (E173Q). Strains
were streaked on a minimal media plate (Left) or were grown in liquid
minimal media at 30°C for determination of log-phase generation
(doubling) times of the cells (Right). (B) Transcriptional activation in
vivo. Shown are the activities of extracts from cells containing activator
plasmid GAL4-VP16FA or LexA-GCN4 and the appropriate b-galac-
tosidase reporter plasmid. (C) HAT activity assays in vitro. Purified
yGCN5 and yGCN5-E173Q HAT domain proteins (0.1 mg) were used
for liquid HAT assays with 3H-AcCoA and free histone substrates at
pH 7.5 and 25°C.

FIG. 3. Implications of the yGCN5 structure for HAT function. (a)
Strictly conserved residues within the GCN5 subfamily of acetyltrans-
ferases (Fig. 2) that are buried and thus play a role in protein stability
are indicated as red balls, and strictly conserved and solvent exposed
yGCN5 residues (Fig. 2) (implicated for histone substrate or CoA
cofactor binding or catalysis) are shown as green side-chains. AcCoA
from the HAT1 structure is placed in the cofactor binding site for
reference by superposing the HAT1 core domain. Secondary struc-
tural elements are indicated for reference. (b) Mutations in yGCN5
that decrease HAT activity are mapped onto a schematic represen-
tation of the yGCN5 HAT domain. Triple mutations are shown as
green side chains, and single mutations are shown as red side chains.
(c) Electrostatic surface of the yGCN5 HAT domain. Red indicates
acidic regions, and blue indicates basic regions. A backbone trace of
the protein is superimposed in green. (d) SigmaA-weighted uFou 2 uFcu
omit map around the region of residue Glu173, which is implicated to
function as a catalytic base for substrate catalysis. The map was
generated by omitting residues within an 8-Å radius of Glu 173
followed by simulated annealing dynamics refinement at a temperature
of 1,000 K. The map is contoured at 1.8 sigma. The green sphere
indicates a water molecule.

Biochemistry: Trievel et al. Proc. Natl. Acad. Sci. USA 96 (1999) 8935



significant structural changes attributable to the glutamate-to-
glutamine substitution (data not shown).

Functional analysis of yGCN5-E173Q demonstrates that glu-
tamate 173 is critical for HAT activity in vitro and yGCN5
function in vivo (Fig. 4). Specifically, in vivo, the E173Q mutation
results in a debilitated growth phenotype closely resembling that
of gcn5D cells (Fig. 4A): Colony size is small on minimal media,
and doubling time is '1.53 as long as for wild-type cells in liquid
culture. Furthermore, yGCN5-E173Q and gcn5D showed similar
low levels of in vivo transcription with two acidic activators,
GAL4-VP16FA and LexA-GCN4 (Fig. 4B); activation of this type
is known to directly involve yGCN5 and other transcriptional
adaptors (12). In vitro analysis also showed that, although yGCN5
exhibited a significant level of HAT activity, the HAT activity of
the E173Q yGCN5 mutant was near background levels (Fig. 4C).
The involvement of Glu173 in catalysis by yGCN5 is also con-
sistent with the recent enzymatic analysis of Tanner and cowork-
ers (61). Taken together, the results presented here specifically
implicate the carboxyl moiety of glutamate 173 in HAT catalysis
by yGCN5, both in heterologously expressed protein in vitro and
in its transcription-related function in yeast cells, such as the
acetylation of chromatin in the context of the SAGA complex.

CONCLUSION
The degree of structural conservation between yGCN5, HAT1
(53), SmAAT (54), and NMT (56, 57) suggests that other HAT
enzymes, such as CBP and TAFII250, have a structurally homol-
ogous core domain associated with AcCoA binding. More sig-
nificantly, a correlation of the yGCN5 structure with the extensive
mutational information (37, 38) reveals the mode of catalysis and
implies that nonconserved residues within the core and directly
N- and C-terminal to the core are responsible for substrate
specific binding. Taken together, the structure presented here
provides a mechanistic framework from which to understand the
structureyfunction relationships of the growing number of tran-
scriptional regulators that function as histone acetyltransferase
enzymes.
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